Ferroelectric superlattice heterostructures have recently been explored for potential applications in electronic devices. In this letter, we employed the phase-field approach to simulate the domain structure and switching of a (BaTiO 3 ) 8 /(SrTiO 3 ) 3 superlattice film constrained by a GdScO 3 substrate. A constricted ferroelectric hysteresis loop was observed with a high saturation polarization but a small coercive field. The shape of the hysteresis loop is understood by analyzing the ferroelectric polarization distributions during switching. It is demonstrated that the multilayers stack behaves as dipole spring ferroelectric, named in analogy to exchange spring magnets in magnetic multilayers that show similar loops. The development of oxide MBE method 1, 2 has enabled the design and growth of superlattice ferroelectric thin films with atomic precision. Among all the multicomponent epitaxial oxide superlattice thin films, the BaTiO 3 (BT)/SrTiO 3 (ST) superlattice has attracted the most attention due to its chemical stability and adaptive high dielectric constant. [3] [4] [5] [6] [7] [8] [9] [10] However, although numerous experimental and theoretical works [9] [10] [11] [12] [13] [14] have been reported on the transition temperature (T c ), the polarization distribution, and the phase structure of ferroelectric thin films, the polarization switching of superlattice films by an external electric field is one of the least studied. Different from the corresponding regular composite, the ferroelectric superlattice is very sensitive to substrate and the stacking configuration. [3] [4] [5] [6] [7] [8] [9] [10] 15, 16 In this letter, we report an interesting constricted hysteresis loop in the superlattice structure BT 8 /ST 3 obtained using phase-field simulations and investigate the corresponding domain structure and polarization distribution of the superlattice under an electric field. We describe the ferroelectric domain evolution of a ferroelectric superlattice, i.e., the polarization distribution, using the time-dependent Ginzburg-Landau (TDGL) equations,
where P i is the ferroelectric polarization component,
is the coordinate, t is time, L is the kinetic coefficient, and F is the total energy of the BT/ST superlattice system. The total energy is expressed by
in which F bulk is the bulk chemical energy, for a centrosymmetric crystal, which can be expended in the form
where a ij , c ijkl , and x ijklmn are the phenomenological Landau expression coefficients under zero external stress and external electric field. F grad in Eq. (2) is the gradient energy, which is introduced through the gradients of the polarization field, i.e.,
where G ijkl is the gradient energy coefficients. Based on Khachaturyan's elastic theory, 17 the elastic energy term F elast is given by
where ij is the strain component. c ijkl is the elastic stiffness tensor, and Q ijkl represents the electrostrictive coefficients. F elec can be written as
where E i is total electric field and e o is the vacuum permittivity. The use of a background dielectric constant, k b , rather than 1 was discussed in Refs. 18-21. In the simulation, we discretized the simulation cell using (64Dx 1 Â 64Dx 2 ) Â NDx 3 , where Devonshire's bulk free energy coefficients, the electrostrctive and the elastic coefficients given in Refs. 
, where T is in Kelvin. Figures 1(a) and 1(b) shows a stable simulated domain structure of a superlattice BT 8 /ST 3 at room temperature obtaining using the vacuum permittivity. The superlattice is constrained on the substrate of GdScO 3 . The in-plane lattice parameter of the substrate GdScO 3 at room temperature ($3.968 Å ) is close to the average lattice parameter of the whole superlattice heterostructure, i.e., a ave-sup (BT 8 
As a result of the substrate contribution, the ST layers of the superlattice are under a biaxial tensile strain of 1.6% while the BT layers are under a compressive strain of À0.85%. According to our previously calculated phase diagram, 22, 23 the BT layers contain tetragonal c domains (Figure 1(a) ), and the ST layers remained in the orthorhombic phase. Due to the superlattice stacking configuration of BT 8 /ST 3 and the electrostatic interaction between the polarizations of BT layers and ST layers, however, we observed the mixed orthorhombic/monoclinic phases in the ST layers (Figure 1(b) ).
The polarization distribution could also be illustrated by the cross-section polarization vector map of Figure 1(c) . In the BT layers, the polarization is orientated along the [001] or ½00 1 direction, while in the ST layers, some polarization rotates due to the electronic dipole-dipole interaction, and thus, mixed orthorhombic/monoclinic phases generated. It should be noticed that the polarization vector map exhibits an enhanced mixed Bloch-Néel-Ising wall with the alternating handedness polarization vortices in traversing the domain wall normal. 24 The vector map proves that the heterostructure resulted from a balance of the gradient energy and electrostatic energy under the in-plane substrate induced strain.
The polarization-electric field hysteresis loop (PE loop) of the superlattice BT 8 /ST 3 on the GdScO 3 substrate is presented in Figure 2 with the applied electric field in the thickness direction. It clearly demonstrates an interesting constricted ferroelectric hysteresis loop (also known as "broken loops" in Ref. 25) . Usually, the constricted loop occurs when internal defects or fields randomly distribute or in the aging process for the ceramics. The constricted loop was also obtained in the theoretical and experimental study of perovskite lead zirconate titanate (PZT) systems. [26] [27] [28] For a comparison, simulations with several different values of background dielectric constant were chosen to investigate its influence on the hysteresis loops. The red, blue, green, and dark green lines represents k b ¼ 1, 5, 10, and 50, respectively. It clearly shows that k b ¼ 1 and 5 produce very similar constricted loops but not for k b ¼ 50, while k b ¼ 10 case is somewhere in-between. Therefore, the predicted constricted loops may not be observed if there is presence of space charges in the experimental samples, and they can respond under an applied electric field, i.e., if they are not frozen.
In order to understand the constricted loop of the BT/ST superlattice heterostructure, the evolution of the polarization The arrow and the color of Figure 3 represent the direction and the magnitude of a polarization, respectively. Figure  3(a) shows the initial switching process where we see slight rotations of the polarizations in both the BT layers and ST layers. As a result of the tensile in-plane strain imposed in the ST layers, the rotation angles of the polarizations in ST layers are generally larger than those in the BT layers. When the external electric field decreased to zero, i.e., at point b in Figure 2 , the magnitude of the polarizations at the center of the BT layers decreased, and the polarizations in the ST layers and at the interface between the BT and ST layers rotated toward to the x 1 Àx 2 plane. In the following stage, as the electric field increased in the opposite direction, the polarizations formed vortex structures as shown in Figure  3 (c), which shows a similar structure as Figure 1(c) . The overall polarization of the whole system at point c is zero. Thus, further increasing the external electric field in the opposite direction will favor the tetragonal "-c" domain in the BT layers and gives a negative total polarization. The corresponding polarization distribution is shown in Figure 3(d) . It can be seen that more domain walls appear in the superlattice domain structure, in order to decrease the electric static energy. In this process, we see a significant increase of the absolute magnitude of the total polarization, reflected in the PE loop of Figure 2 . When the external field increased further, only a slight increase of the polarization absolute magnitude is observed due to the domain wall movement. Finally, as all the polarizations switched to along the -z direction, we see the completion of a constricted loop of the BT/ST superlattice. From the simulations, we observed that the formation of a constricted hysteresis loop and the corresponding polarization distribution evolution. It raises the possibility that the shape of the PE loop can be designed by growing specific ST/BT superlattice configurations on different substrates with the knowledge, in which the PE hysteresis loop of BT single crystal has high coercive field and high remnant polarization, 29, 30 while ST single crystal is paraelectric phase at room temperature. Also, we note that the constricted loop is similar to the magnetic hysteresis of exchange-coupled systems (also known as exchange-spring magnets), 31 which are magnetic multilayer nanostructures combined large saturation magnetization of soft magnets with the high anisotropy of hard magnets, designed for its applications on ultra-high density magnetic storage and sensors. Due to the similarity between the superlattice PE loop and the hysteresis of exchange-spring magnets, we name the multilayers as dipole spring ferroelectrics, referring to the dipole-dipole interactions that give rise to the pinched loops and reversible behavior, and could show significant potential for applications to ferroelectric memory and capacitor devices. The loop section a-b is completely reversible without hysteresis, in going back and forth along the field axis. In principle, the complete section of a-d could be designed to be reversible without hysteresis (similar to exchange spring magnets), if the domain pinning due to the SrTiO 3 was stronger.
In summary, we investigated the domain structure and the switching process of the superlattice BT 8 /ST 3 on the GdScO 3 substrate based on the phase-field approach. We report a constricted P-E hysteresis loop in our simulation 
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Wu et al. Appl. Phys. Lett. 100, 092905 (2012) that shows a relative high remnant polarization but a small coercive field, with large loop sections of reversibility without hysteresis. The evolution of the polarization distributions is analyzed during the switching process to understand the constricted loop. It is shown that the constricted PE loop is similar to the hysteresis in magnetic exchange-spring systems, which raises the potential application of designing novel dipole spring ferroelectrics for electronic memory technology and capacitor devices. 
